With the aim of preparing a method for the writing of electronics on paper by the use of common commercial rollerball pens loaded with conductive ink, hybrid conductive ink composed of Ag nanoparticles (15 wt%) and graphene-Ag composite nanosheets (0.15 wt%) formed by depositing Ag nanoparticles (∼10 nm) onto graphene sheets was prepared for the first time. Owing to the electrical pathway effect of graphene and the decreased contact resistance of graphene junctions by depositing Ag nanoparticles (NPs) onto graphene sheets, the concentration of Ag NPs was significantly reduced while maintaining high conductivity at a curing temperature of 100 • C. A typical resistivity value measured was 1.9 × 10 −7 m, which is 12 times the value for bulk silver. Even over thousands of bending cycles or rolling, the resistance values of writing tracks only increase slightly. The stability and flexibility of the writing circuits are good, demonstrating the promising future of this hybrid ink and direct writing method.
Introduction
Fabrication of conductive tracks on heat-sensitive substrates such as paper [1, 2] , plastic packages [3] , textile [4] and polymeric [5] substrates has attracted significant interest as a pathway to achieve flexible and low-cost electronic devices. In particular, paper substrates, which are ubiquitous, flexible, lightweight, and disposable, are very suitable for flexible electronics [6, 7] . More importantly, a modified rollerball pen loaded with conductive ink or semiconductive and dielectric ink can be used to achieve writing of electronics on paper. Compared with other functional printing approaches, such as screen printing and inkjet printing, this direct writing method is low cost, straightforward and user-friendly.
To date, Ag nano-ink is the most popular conductive ink used in functional printing due to its good electrical conductivity and strong anti-oxidant characteristics [8] .
Recently, a few studies have been conducted to improve the conductivity of Ag ink after printing. Dong et al [9] developed a solution based β-diketonate silver ink for direct printing on a flexible substrate. A resistivity of 7.44 × 10 −8 m was found for a silver line with a width of 177 µm and a thickness of 106 nm after sintering in air at 250 • C. Liu et al [10] studied Ag nanoparticle (20 wt%) ink written on sulfuric paper by a pen-on-paper paradigm and the silver nano-ink allows for a sintering temperature of 180-220 • C and resistivity of 2.1 × 10 −6 m (silver line: width×length = 1 mm×20 mm). Choa et al [11] reported that the silver nanoparticle ink printed to a square shape (2 cm × 2 cm) on PI film showed a resistivity of 3 × 10 −7 m after sintering in air at 200 • C for 60 min. Ankireddy et al [12] reported a highly conductive short chain carboxylic acid encapsulated silver nanoparticle based ink for direct write technology application. The conductivity of printed microelectrodes was 21-87% of the bulk silver conductivity with sintering temperatures from 190 to 250 • C. However, high concentration of Ag NPs and high sintering temperature (higher than 200 • C) are required to achieve high conductivity of the printed patterns [2, 13] . Meanwhile, Ag remains an intrinsically valuable metal, high concentration results in high cost, and high sintering temperature may cause damage to the flexible paper substrates. The high sintering temperatures limit the application of the silver nano-inks on flexible paper substrates and the long sintering time limits the productivity. Thus, it is important to reduce both temperature and time required for sintering. To date, many studies have been conducted to reduce the sintering temperature. Smith et al [14] reported an inkjet printed or spin-coated silver neodecanoate solution activated by light and subsequently treated with a chemical agent to produce conductive silver at room temperature. However, the process is time consuming and the resistivity (1.54 × 10 −7 m) is about 10 times that of bulk silver. Magdassi et al [15] reported that Cl ions cause detachment of the anchoring groups of the stabilizer from the nanoparticles' surface, thus enabling their coalescence and sintering at room temperature. Finally, up to 2.44 times the resistivity (3.84 × 10 −8 m) of bulk silver was achieved. However, the Cl ions in the wet solution (HCl) will contaminate the paper-based substrate. Han et al [16] developed a hot-pressure method to reduce both temperature and time required for sintering (sintering temperature 120 • C/sintering pressure 25 MPa/sintering time 15 min); a typical resistivity value measured was 1.37 × 10 −7 m, eight times as much as bulk silver.
However, silver migration has become a serious problem affecting reliability of silver tracks, and has attracted wide attention [17] .
Obviously, there is still a need to develop new-type conductive ink to solve the above mentioned problems of Ag ink. Recently, graphene has received considerable attention due to its outstanding electrical, mechanical and thermal properties [18] [19] [20] . Based on these unique properties, graphene is expected to have plentiful applications in various fields, such as electronics [21, 22] , chemical and biological sensors [23] , energy-storage materials [24] , etc. Meanwhile, the high current density and conductivity of graphene motivates researchers to explore graphene-based conductive ink. Lu et al [21] reported that various high image quality patterns could be printed on diverse flexible substrates using graphene ink with a simple and low-cost inkjet printing technique. Torrisi et al [25] reported that transparent and conductive patterns prepared using graphene ink by inkjet printing achieved good performance with ∼80% transmittance and ∼30 k /sq sheet resistance. Han et al [26] developed printable graphene ink through a solvent-exchange method and reported the highest conductive films based on direct deposited graphene ink. All of the above mentioned examples indicate that graphene is a potential substitute for metallic ink.
However, the conductivity of pure graphene ink remains low, which restricts its extensive use. It is possible to mix Ag NPs and graphene nanosheets together to prepare hybrid ink and thus take full advantage of these two materials to enhance the conductivity and reduce the concentration of Ag NPs.
So far, hybrid conductive ink composed of metal nanoparticles and carbon-based materials (such as carbon nanotubes or graphene nanosheets) has been successfully prepared and printed [27, 28] . The void spaces present in the printed silver film due to the aggregation of the silver NPs and solvent evaporation result in the lower conductivity of the solution-processed silver film [29] . Carbon-based materials can build effective electrical pathways between aggregate Ag NPs, thus reducing the negative influence of voids. However, the contact resistance among carbon-based material junctions is found to be a significant contributor to the total resistance of the electronic devices [27] . Previous reports demonstrate that decorating CNTs or graphene with Ag NPs based on the wet chemistry reaction can profoundly enhance the electrical conductivity of CNTs or graphene, thus reducing the contact resistance at the interface [30] [31] [32] [33] . Previously, Ma et al [27] reported that the concentration of Ag nanoparticles in metallic ink was significantly decreased by a small addition of single-walled carbon nanotubes decorated with Ag NPs while maintaining high conductivity. Compared with CNTs, the unique two-dimensional (2D) basal plane structure and high specific surface area make graphene an ideal substrate for supporting nanoparticles. Hence, it is possible to deposit small Ag NPs onto graphene nanosheets, aiming at reducing the contact resistance of graphene junctions and thus lowering the concentration of Ag NPs.
In this study, the first hybrid conductive ink composed of Ag NPs (15 wt%) and graphene-Ag nanocomposites (0.15 wt%) is reported. Common commercial rollerball pens loaded with hybrid ink were used to fabricate paper-based conductive tracks for flexible electronics. The conductivity properties, mechanical flexibility and adhesion characterization of the writing patterns were also studied. Furthermore, using this simple method, we have fabricated flexible paper-based electrical circuits.
Experimental details

Materials
Graphene (diameter of 0.5-2 µm, thickness of 0.8 nm, 80% single layer ratio, 99% purity, BET surface area of 500-1000 m 2 g −1 , electrical conductivity of 8000-10 000 S m −1 ) was obtained from Nanjing XFNANO Co. Ltd. Other reagents, silver nitrate (AgNO 3 , 99%), N,Ndimethylformamide (DMF), sodium dodecyl sulfate (SDS, CH 3 (CH 2 ) 10 CH 2 OSONa), poly(vinyl pyrrolidone) (PVP) (MW:10 000 g mol −1 ), sodiumborohydride (NaBH 4 ), glycerol, ethylene glycol and absolute ethyl alcohol were purchased from Tianjin Jiangtian Chemical Co. Ltd and used without additional purification.
Hybrid ink preparation
We synthesized Ag NPs in an aqueous solution by reducing silver nitrate in the presence of a surface capping agent, poly(vinyl pyrrolidone) (PVP). In a previous published synthesis of silver NPs [21] , briefly, 1 g of AgNO 3 and 1 g of PVP were dissolved in 150 ml of deionized water under vigorous stirring. Next, 20 ml of prepared NaBH 4 solution (10 mg ml −1 ) was added dropwise to the reaction mixture, and the process continued for 10 min. The color of the solution changed nearly instantly from transparent to dark yellow. The reaction was maintained for another 10 min after dropping the NaBH 4 and the solution was then centrifuged at a speed of 8000 rpm. The precipitate was collected and dried for further studies.
Graphene-Ag nanocomposites were realized based on the reducing reaction of silver ions adsorbed on the graphene sheets using N,N dimethylformamide (DMF). Typically, 30 mg of graphene and 10 mg of sodium dodecyl sulfate (SDS) were added into 40 ml of DMF, then the mixture was subjected to ultrasonication for 2 h. To achieve the optimal decoration of graphene sheets, 20 ml of silver nitrate solution (0.06 mol l −1 ) was added into the mixture at 60-65 • C while the mixture was continuously vigorously stirred. After being heated for 1 h, the solution was filtered and washed with water and ethanol sequentially.
For the preparation of the hybrid conductive ink, the obtained Ag NPs and graphene-Ag nanocomposites were dispersed in ethanol, and ethylene glycol and glycerol were added to adjust the viscosity. The optimal solvent composition of compounded ink was ethanol:ethylene glycol:glycerol = 50:45:5 vol%. The solid loading of Ag NPs for hybrid ink was 15 wt% and the loading of graphene-Ag nanocomposites was 0.15 wt%.
Conductive pen set-up
M&G rollerball pens with ball diameters of 0.38, 0.5, 0.7, and 1.0 mm respectively were used here. Firstly, the original ink was removed with running water washing the separated ink barrels and rollerball tips. Secondly, the ink barrels and rollerball tips were cleaned thoroughly in ethanol by ultrasonic bath. Finally, the prepared hybrid ink was injected into the cartridge by micro-syringe. With different ball diameters, we could achieve widths of the printed electrodes ranging from 300 µm to 1 mm or higher, as shown in figures 2(a) and (b) of our previous study [16] .
Instrumentation
The surface morphology and structure of Ag NPs and Graphene-Ag nanosheets were characterized by transmission electron microscopy (TEM, Philips Tecnai G2 F20). The deposited graphene films, graphene-Ag composite films on glass substrates and printed conductive tracks on paper substrates were examined by field emission scanning electron microscopy (FE-SEM, Hitachi S-4800). The sheet resistances of graphene films and graphene-Ag films were measured by 4-point probe (RTS-8, Guangzhou four-point probe technology Co. Ltd, China). A two-probe method (Fluke 17B) was used to measure the resistance of the conductive tracks. All the data for each experimental condition were collected for at least 3 repetitions and the average values and standard deviation (error bar) obtained. 
Result and discussion
The characteristics of the hybrid ink
As shown in figure 1(a) , Ag NPs with an average size of 40 nm were produced in water by reduction of AgNO 3 with NaBH 4 in the presence of PVP. The PVP stabilizer plays an important role in the dispersibility of Ag NPs. When the reaction was short of PVP, Ag NPs tended to aggregate, and thus formed micrometer-sized Ag particles. Meanwhile, an insoluble deposition was formed in the hybrid ink when keeping the ink without shaking at room temperature for 24 h, so the residual PVP after centrifuging also plays an important role in the stability of the hybrid ink.
Nanoparticles, such as Ag and Au, can interact with the graphene oxide or graphene sheets through physisorption, electrostatic binding, or through chargetransfer interactions [34, 35] . In addition, the large specific surface area of graphene sheets provides good conditions for the nucleation of Ag NPs. As shown in figure 1(b) , single-entity Ag nanoparticles (∼10 nm) are embedded in the graphene sheets and well separated; few particles reside outside of the support. The presence of the bigger particles may be due to agglomeration of the smaller particles. Interestingly, the interactions between the nanoparticles and graphene were strong enough to ensure the nanoparticles remained attached even after chemical cleaning and ultrasonication.
Ethylene glycol and glycerol are two common additional agents for commercial ink applied in the rollerball pen field, which can effectively improve the viscosity, surface tension and wettability of the ink, thus increasing the writing quality. To create an ink with good writability, we use ethylene glycol and glycerol to improve the flow properties of the ink. The optimized ratio of the solvent is ethanol:ethylene glycol:glycerol = 50:45:5 vol%. Under this circumstance, ink can readily flow through the pen tip during writing, and does not leak or clog. The digital image of the conductive ink is shown in figure 1(c) ; good dispersity of hybrid ink was acquired. Even if storing for more than a month, no deposit or stratified phenomenon happened.
The role of the graphene-Ag nanocomposites
Recently, graphene nanosheet based hybrid materials have aroused extensive interest due to synergistic and novel properties via the combination of different nanomaterials [36] . These new hybrid materials have been successfully applied in chemical sensors [37] , energy storage [38] , antibacterial materials [39] , etc. We are the first to apply the graphene-Ag nanocomposites into the conductive ink field.
Graphene-Ag nanocomposites play an important role in the preparation of hybrid conductive ink. In order to investigate the influence of graphene-Ag nanosheets, we deposited the same quality of graphene and graphene-Ag nanocomposites on glass slides with a mold (20 mm × 20 mm × 0.05 mm) predefined by adhesive tape and sintered at 200 • C for 30 min. Compared in figures 2(a) and (b), it can be observed that graphene sheets are well separated by the deposition of Ag NPs. The sheet resistance of the graphene film was measured to be 60 k /sq using the four probe method, while the silver-decorated graphene film was 12 k /sq, which is possibly due to the internal conductivity of graphene sheets and a synergistic effect with the deposited Ag particles.
Graphene is a monolayer of carbon atoms that are tightly packed into a two-dimensional, honeycomb crystal structure. The specific surface area of graphene can reach 1000 m 2 g −1 .
Hence, an effective electrical pathway can be achieved in the length and width directions of the printed films, thus reducing the negative influence of voids further. The small size Ag NPs (10 nm) deposited onto graphene sheets combine with large size Ag NPs (40 nm) in the ink during sintering. Hence, good contact between graphene and aggregate Ag NPs can be achieved. Figure 2(c) demonstrates the connecting role of the graphene-Ag nanocomposites. We can see transparent graphene with a high specific surface area spread out in the length and width directions of the films. It is like a bridge, building between the aggregate Ag NPs.
To further demonstrate the role of the graphene-Ag nanocomposites, we compared the resistance of hybrid ink containing Ag nanoparticles (15 wt%) and graphene-Ag nanocomposites (0.15 wt%) with the pure Ag ink (15 wt%). Two kinds of ink were loaded into two rollerball pens (ball diameter = 0.7 mm), and the conductive tracks (length = 40 mm, width = 0.5 mm) were drawn and sintered at 100 • C for 60 min. The electrical resistance as a function of sintering time is shown in figure 2(d) . The electrical resistance of hybrid conductive ink decreased more significantly. After sintering at 100 • C for 60 min, the resistance of hybrid ink goes to nearly 20 , while pure Ag ink is 460 . This demonstrates the electrical pathway effect of graphene-Ag nanocomposites. The nanoparticles are point contact based and there is no obvious contact between nanoparticles. With the action of driving forces during sintering, grain boundary diffusion allows for neck formation, and the contacts between nanoparticles change from point contacts to surface contacts. Thus, the sintering process can improve the conductivity remarkably for pure Ag ink and hybrid ink.
Electrical and adhesive properties of hybrid ink
Paper, as a substrate for fabricating flexible electronics, offers a set of unique properties. However, different paper types have an important influence on the conductivity of printed films. For common printing paper, we find the printed patterns have poor conductivity; the reason may be the rough surface of common printing paper, which prevents the continuity of the conductive films. For smooth photo paper, there is a coating of silicon dioxide nanoparticles, which forms tiny inorganic-organic hybrid fine particles. These micro-pores can not only absorb solvent and residual PVP molecules rapidly, but also enhance the adhesion strength of the conductive film. Low adhesion strength always results in adhesion failure. There was no peeling or removal produced by the tape test (a kind of tape made from PI+silica gel/acrylic acid with the color of semitransparent golden yellow was used), which demonstrates well the adhesion between paper substrates and printed films.
The paper substrates used in flexible electronics are usually heat-sensitive. When the sintering temperature exceeds 120 • C, we find the photo papers become crisp, which seriously affects their usage for flexible electronics. Therefore we made the sintering temperature 100 • C. At this temperature, because of the electrical pathway effect of the graphene-Ag nanocomposites, high conductivity can be achieved.
The electrical resistivity ρ of the hybrid ink is calculated with the traditional method, that is
where R is the resistance, l is length, and A is the cross-sectional area of the line. Because paper substrate is too soft, the thickness of conductive films cannot be measured accurately, so we deposited a specified volume of hybrid ink onto a glass slide with a mold (76 mm × 0.9 mm × 0.05 mm) predefined by polyimide tape. To keep the surface smooth, redundant ink was removed by a doctor blade. After sintering at 100 • C for 60 min we removed the tape; the circuit and the resistance value are shown in figure 3 . The thickness t of the line was measured using the spiral micro-distance measuring method. Thus
where R = 1.6 , b = 0.9 mm, t = ∼0.01 mm, and l = 75 mm. A typical resistivity value measured for this sample is 1.9×10 −7 m, which is 12 times the value for bulk silver. We have also found that the resistivity of the silver film remained almost constant after a month, demonstrating the potential for long-term use. The low concentration of Ag NPs in the ink decreases the printed lines' thickness after drying; such thin lines induce high resistance because of the existence of voids even if printed lines with low resistivity are fabricated [40] . Previously, Russo et al [2] reported that the resistance value of a silver electrode (width = 620 µm, length = 1.5 cm) was nearly 25 when the electrical resistivity of the silver ink (50 wt% silver) was 4.34 × 10 −8 m. In this study, due to the role of graphene-Ag nanocomposites, the resistance value of conductive tracks (width = 510 µm, length = 1.5 cm) was nearly 6 ; the electrical resistance decreases observably.
Mechanical flexibility of writing electronics
To demonstrate the mechanical flexibility of the printed conductive tracks produced using the direct writing method, we measured the electrical resistance change before and after bending cycles. The conductive tracks (width = 0.5 mm, length = 40 mm) were drawn by rollerball pen (ball diameter = 0.7 mm) on Epson photo paper and sintered at 100 • C for 60 min. The bending angles were kept around 90 • (see figure 4(a) ) for 2000 bending cycles, and at 100, 300, 500, 800, 1000, 1500, and 2000 cycles, the resistance values were recorded. As shown in figure 4(b) , the initial mean resistance of the conductive tracks was 21.2 . When the bending force was released after 2000 bending cycles, the resistance was 32.1 . Even after thousands of bending cycles, the increase of resistance was only about 10 . Figures 4(c) and (d) are SEM images of printed conductive track after 2000 bend cycles, and the magnification is 1000× and 50 000× respectively. The surface of the thin film still keeps smooth, no perks or cracks have occurred (see figure 4(c) ), and the graphene sheets are still firmly inset into the aggregate Ag NPs (see figure 4(d) ). We can speculate that two-dimensional (2D) graphene prevents the film fracturing. Because graphene has high strength and large specific surface area, it is able to retard efficiently the crack growth. These results indicate that these writing electronics on paper substrates satisfy the performance required for use in flexible devices.
In order to make better use of the flexibility of paper substrates, we could make the conductive tracks in the flat state into rolls (see figure 5(a) ) to achieve three-dimensional and integrating electrical circuits. The conductive tracks (width = 0.8 mm, length = 180 mm) were drawn by rollerball pens (ball diameter = 1.0 mm) on Epson photo paper and sintered at 100 • C for 60 min. Figure 5(b) shows the electrical resistance as a function of the inner diameter of the roll. The mean initial resistance of the conductive tracks is 118 . When made into a roll, the resistance remains almost unchanged, even if the inner diameter of the roll is as small as 15 mm. These results demonstrate that these writing electronics on paper substrates can be rolled into 3D configurations, thereby saving space and achieving the miniaturization of electrodes.
Applications
To demonstrate the application of the hybrid conductive ink for writing electronics, we fabricate a simple electronic circuit on paper, as shown in figure 6 . The circuit is composed of a 3.0 V battery, a printed writing pattern, and a surface-mounted LED with a rated voltage of 3.0 V. The conductive tracks (width = 0.8 mm) were drawn by rollerball pens (ball diameter = 1.0 mm) on Epson photo paper and sintered at 100 • C for 60 min. The surface-mounted LED was placed in a gap between the printed conductive tracks. When the circuit is on, the LED is illuminated, and works rather well. With the driving of the 3.0 V power supply, the 3.0 V LED can work normally, and circuit loss is very low, which demonstrates that our conductive tracks prepared by direct writing using hybrid ink have a fairly low resistance. This indicates that hybrid ink with the direct writing method can be applied well to fabricate complicated conductive patterns with high conductivity and flexibility on paper substrates.
Conclusions
In conclusion, hybrid conductive ink composed of Ag NPs and graphene-Ag nanocomposites was prepared. Graphene sheets play an important role in the electrical pathway between the aggregate Ag NPs. The small size Ag NPs (10 nm) deposited onto graphene sheets combine with large size Ag NPs (40 nm), and therefore achieve good contact between graphene and aggregate Ag NPs, so the contact resistance significantly decreases. With low concentration of Ag NPs and low sintering temperature, high conductivity was acquired. Various highly conductive and flexible conductive patterns can be drawn on Epson photo paper by rollerball pens loaded with the hybrid conductive ink. Based on these excellent properties, a simple paper-based electronic circuit has been fabricated for demonstrating the purpose of using this hybrid ink for writing electronics. With little effort, we can also make capacitors, electrical resistors and field effect transistors on paper by rollerball pen loaded with semiconductive or dielectric ink, thus achieving commercial application of writing electronics.
